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ABSTRACT
A g t u d y  h a s  b e e n  made t o  f i n d  t h e  s i z e  o f  c u b i c a l  b l o c k s  
w h ic h ;  when p l a c e d  on t h e  d o w n s t r e a m  r i v e r b e d ,  would r e m a i n  
s t a b l e  u n d e r  t h e  e f f e c t  o f  a  j e t  i s s u i n g  f ro m  a f l i p  b u c k e t  
The b u c k e t s  u s e d  were  o f  c i r c u l a r  s h a p e  h a v i n g  r a d i u s  8 "  and 
e x i t  a n g l e s  15 , 80 , 45 and 60 d e g r e e s .  The s i z e  o f  t h e  
b l o c k s  r a n g e d  f ro m  1 "  t o  6 "  w i t h  t h e i r  s p e c i f i c  g r a v i t i e s  - 
r a n g i n g  f ro m  1 . 0 6  to  4 . 1 4 ,  B ased  on t h i s  e x p e r i m e n t a l  i n v e s -  
t i g a t i o n ,  n o n - d i m e n s i o n a l  e q u a t i o n s  w ere  d e r i v e d  and an  a l i g n ­
ment  c h a r t  i n c l u d e d  t o  f a c i l i t a t e  i t s  s o l u t i o n .
I l l
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CHAPTER 1
INTRODUCTION
1 . 1  C o n c r e t e  B l o c k s  a s  P r o t e c t i o n  A g a i n s t  T a i l  E r o s i o n
W r i t i n g  a b o u t  t h e  u s e  o f  a  f l i p  b u c k e t  and t h e  s c o u r  h o l e  
fo rm e d  b y  t h e  j e t  i s s u i n g  f ro m  i t ,  Hoffm an  ( l )  s a y s  t h a t  
when t h e  f l o w s  f a l l  f rom  r e s e r v o i r  p o o l  l e v e l  t o  t h e  r i v e r b e d  
l e v e l  d o w n s t rea m  t h r o u g h  a  s p i l l w a y ,  t h e  s t a t i c  h e a d  o f  w a t e r  
i s  c o n v e r t e d  t o  t h e  k i n e t i c  e n e r g y .  T h i s  r e s u l t s  i n  h i g h  v e l o ­
c i t i e s  i n  t h e  a r e a  Adi e r e  t h e  w a t e r  j e t  s t r i k e s  t h e  r i v e r .  By 
u s i n g  a  f l i p  b u c k e t  t h e  j e t  i s  p r o j e c t e d  some d i s t a n c e  f u r t h e r  
f ro m  t h e  end o f  t h e  s t r u c t u r e .  Thus t h e  p o s s i b l e  damage t o  
t h e  s t r u c t u r e  b y  s c o u r ,  u n d e r m i n i n g  o r  a b u tm e n t  s l o u g h i n g  i s  
a v o i d e d .  I f  t h e r e  i s  no a r t i f i c i a l  p r o t e c t i v e  s u r f a c e  on t h e  
r i v e r b e d  d o w n s t r e a m ,  a  s c o u r  h o l e  w i l l  b e  fo rm ed  where  t h e  j e t  
s t r i k e s  t h e  r i v e r b e d .  The vo lum e  and  d e p t h  o f  t h e  s c o u r  h o l e  
d e p e n d  on t h e  v e l o c i t y ,  d e p t h  o f  t a i l w a t e r  and c h a r a c t e r i s t i c s  
o f  t h e  r i v e r b e d  m a t e r i a l .  I n  t h e  p a s t  v a r i o u s  e m p i r i c a l  e q u a ­
t i o n s  f o r  maximum d e p t h  o f  s c o u r  h a v e  b e e n  d e r i v e d  f ro m  model  
t e s t s .
I n  o r d e r  t o  p r o t e c t  t h e  s p i l l w a y  s t r u c t u r e  f ro m  b e i n g  u n ­
d e r m i n e d ,  s h o u l d  t h e  s c o u r  h o l e  fo rm e d  i n  t h e  r i v e r b e d  and  t e n ­
ded  t o  e r o d e  u p s t r e a m ,  i t  s h o u l d  be  r e n d e r e d  h a r m l e s s .  L e l e a -  
v s k y  ( 2) q u o t e s  M o r r i s  and J o h n s o n  a s  s a y i n g  " R e c o g n i s i n g  t h e  
f u t i l i t y  o f  s c o u r  h o l e  p r e v e n t i o n  a s  a  means o f  p r o t e c t i n g  t h e
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s t r u c t u r e  f rom  c a v i n g ,  t h e  d e s i g n e r  m u s t  s e e  t o  i t  t h a t  t h e  
h o l e  t h a t  i s  f o rm ed  d o e s  n o t  e n d a n g e r  t h e  s t r u c t u r e .  " The 
a u t h o r s  s a y  t h a t  t h e  e x p a n s i o n  o f  t h e  s c o u r  h o l e  c o u l d  b e  con­
t r o l l e d  by  d e p o s i t i n g  c o n c r e t e  b l o c k s  i n  t h e  a r e a  o f  t h e  d o im -  
s t r e a m  b ed  w here  t h e  J e t  s t r i k e s  t h e  b e d .  I n  o r d e r  t o  fo rm  a 
s a f e  p r o t e c t i o n ,  t h e s e  b l o c k s  s h o u l d  be  o f  such  s i z e  and  w e i g h t  
t h a t  u n d e r  t h e  g i v e n  c o n d i t i o n s  o f  d i s c h a r g e ,  h e a d  and t a i l w a ­
t e r  l e v e l ,  t h e y  s h o u ld  r e m a i n  s t a b l e  u n d e r  t h e  e f f e c t  o f  t h e  
i m p i n g i n g  w a t e r  j  e t .
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CHAPTER 2
REVIEW OF PAST WORE
2 .1  Review o f  t h e  P a s t  Work done  on t h e  S t a b i l i t y  o f  B l o c k s
L e l i a v s k y  (2)  i n  h i s  book  " D e s i g n  t e x b o o k s  i n  C i v i l  
E n g i n e e r i n g  " w r i t e s  t h a t  an  e a r l y  a t t e m p t  t o  f i n d  t h e  s i z e  o f
t h e  b l o c k ,  w h ich  r e m a i n s  s t a b l e  u n d e r  t h e  e f f e c t  o f  f l o w i n g
w a t e r ,  was made b y  G r o a t .  The e q u a t i o n  o b t a i n e d  b y  G r o a t  i s  a s
f o l l o w s :
d a y  _  3 y c ( 2 . 1 )
h  2 ( S g - l ) ' t Z
w here
d a v  ■= A verage  d i a m e t e r  o f  s t o n e ,  
h  = T a i l w a t e r  d e p t h .  
c -  " F o r m - T r a c t i o n ” c o e f f i c i e n t .
Sg = S p e c i f i c  g r a v i t y  o f  b l o c k  a n d - d ^ i s  g i v e n  
T■ by  i n  w hich
T T r a c t i v e  f o r c e .
N B u o y a n t  w e i g h t .
I n  t h e  E n g i n e e r  Manual  ( 3 ) ,  i t  i s  n o t e d  t h a t  t h e  p r o b l e m  
o f  c o n s t r u c t i n g  d i k e s  i n  f l o w i n g  w a t e r  h a s  b e e n  s t u d i e d  b y  
I s b a s h .  L a t e r  many o t h e r  i n v e s t i g a t o r s  c o n f i r m e d  t h e  work 
d o n e  b y  h im .  I s b a s h ' s  e q u a t i o n  i s :
\ i n  •= ( 2. 2)
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w h e re
V . •= Minimum v e l o c i t y  which  w i l l  move a  r o c k  o fmin
d i a m e t e r ( d )  r e s t i n g  on t h e  b e d .
Eg =  A c o n s t a n t .
g =  A c c e l e r a t i o n  due  t o  g r a v i t y .
— S p e c i f i c  g r a v i t y  o f  s t o n e ,
y =  S p e c i f i c  w e i g h t  o f  w a t e r ,
d r :  D i a m e t e r  o f  s t o n e ,
L e l i a v s k y  (2 )  n o t e s  t h a t  i n  E g y p t ,  B u t c h e r  and A t k i n s o n
h a v e  made c o n s i d e r a b l e  s t u d i e s  o f  t h e  s t a b i l i t y
o f  s t o n e s .  I n  t h i s  r e g a r d  t h e s e  two a u t h o r s  i n t r o d u c e d  t h e
t e r m  " I m m o v a b i l i t y , " w h ich  t h e y  d e f i n e d  a s  t h e  r a t i o  o f  t h e
3'subm erged  w e i g h t  ( S g - l ) d  o f  a  c u b i c a l  b l o c k  o f  s i z e  d ,  t o  t h e
2s e c t i o n a l  a r e a  d t h u s ;
3
I m m o v a b i l i t y  I  c  ( S s ~ l ) d    ( S g - l ) d  ( 2 . 8 )
d ^
I t  may be  n o t e d  h e r e  t h a t  " I m m o v a b i l i t y  " i s  s im p l y  t h e  
r a t i o  o f  t h e  f o r c e  w h ich  k e e p s  t h e  b l o c k  i n  p o s i t i o n  t o  i t s  
s e c t i o n a l  a r e a .  The a u t h o r s  p r o v e d  t h a t  two b l o c k s  o f  d i f f e r e n t  
s i z e s  and  s p e c i f i c  g r a v i t i e s  b u t  w i t h  t h e  same v a l u e  I  m us t  
b e g i n  t o  move u n d e r  t h e  e f f e c t  o f  e q u a l  v e l o c i t i e s .  The a u t h o r s  
ho w e v e r  d i d  n o t  show how t h e  v e l o c i t y  o f  f l o w  was r e l a t e d  t o  
t h e  I - v a l u e .  They a p p r o a c h e d  t h e  p r o b l e m  b y  o b s e r v i n g  on a  model 
t h e  e f f e c t  o f  a  f a l l i n g  j e t  on b l o c k s  o f  d i f f e r e n t  " Immovabi­
l i t i e s  a  t a b l e  o f  model t e s t  o b s e r v a t i o n s  was p r e p a r e d  i n  
w h ich  t h e  e f f e c t  o f  a  f a l l i n g  j e t  f rom  a b a r r a g e  a t  v a r i o u s
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d i s t a n c e s  f ro m  t h e  f a l l  on t h e  s t a b i l i t y  o f  b l o c k s  o f  v a r i o u s  
" I m m o v a b i l i t y "  was e n t e r e d .  The I - v a l u e  t h u s  d e t e r m i n e d  c o u l d  
b e  a p p l i e d  t o  t h e  p a r t i c u l a r  c a s e  f o r  w hich  t h e y  a r e  c a r r i e d  
o u t .  However  s i n c e  no i n f o r m a t i o n  such  a s  t h e  h e i g h t  o f  t h e  
f a l l  o r  t h e  w a t e r  d e p t h  was p r o v i d e d ,  t h e  t a b l e  c o u l d  n o t  be  
u s e d  t o  a r r i v e  a t  any g e n e r a l  r e l a t i o n s h i p  o r  t o  com pare  t h e  
r e s u l t s  o f  o t h e r  w o r k s .  F o r  e a c h  p a r t i c u l a r  c a s e ,  s i m i l a r  
model  t e s t s  a r e  r e q u i r e d  t o  be  p e r f o r m e d  and t h e  I - v a l u e  t h u s  
o b t a i n e d  c o u l d  be  a p p l i e d  t o  t h a t  c a s e .
P a t e r k a  (4)  d e s c r i b e s  t h e  work o f  B e r r y ,  M av is  and 
L a u s h e y .  I n  a  t h e s i s  by B e r r y ,  U n i v e r s i t y  o f  C o l o r a d o ,  19 4 8 ,  
a  c u r v e  lyas d e t e r m i n e d  and an e q u a t i o n  f o r  t h e  b o t t o m  v e l o c i t y  
i s  p r e s e n t e d ;
= 2 . 5 7 / r  ( 2 . 4 )
w h e re
V^ =  B o t tom  v e l o c i t y  i n  f e e t  p e r s e c o n d .  
and d ^ D i a m e t e r  o f  r o c k  i n  i n c h e s .
The r o c k  u s e d  to  a r r i v e  a t  e q u a t i o n  ( 2 . 4 )  was o f  t h e  
o r d i n a r y  v a r i e t y  h a v i n g  a  s p e c i f i c  g r a v i t y  o f  a b o u t  2 . 6 5 .
M a r iu s  and  L a u s h e y  p r o p o s e d  an e q u a t i o n  w hich  c a n  be  u s e d  
f o r  any  s p e f i c  g r a v i t y ;
V, =  JL / d  / S  -f ( 2 . 5 )
°  2 ®
w h ere
S =: S p e c i f i c  g r a v i t y  o f  s t o n e ,  
d z: D i a m e t e r  o f  s t o n e .
B u rk o v  and Gunko (5 )  h a v e  d e s c r i b e d  t h e  work 
do n e  by  Y u d i t s k y  o n  " A c t u a l  P r e s s u r e  on  a  Channe l  Bed
b e l o w  H igh  Dams w i t h  F l i p  B u c k e t s  and A c t i o n  o f  F a l l i n g  j e t
on  J o i n t  B l o c k s  o f  a  Rock and  c o n d i t i o n s  o f  i t s  E r o s i o n  ." 
Y u d i t s k y ,  b y  t h e  h e l p  o f  l a b o r a t o r y  i n v e s t i g a t i o n s ,  s t u ­
d i e d  t h e  e f f e c t  o f  a  w a t e r  j e t  i s s u i n g  f ro m  a  f l i p  b u c k e t  on
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t h e  j o i n t  b l o c k s  l o c a t e d  w h e re  t h e  j e t  s t r u c k  t h e  r i v e r b e d .
The s t u d i e s  made i t  p o s s i b l e  t o  com pute  t h e  maximum d e p t h  o f  
e r o s i o n .
He f o u n d  t h e  maximum a c t u a l  t e a r i n g  l o a d  (B) on t h e  j o i n t  
b l o c k  as  t h e  sum o f  two i t e m s .  T hese  a r e  t h e  t i m e  a v e r a g e d  com­
p o n e n t  o f  t h i s  l o a d  P and t h e  p u l s a t i o n  com ponent  w hich  i s  
c h a r a c t e r i s e d  b y  t h e  maximum p u l s a t i o n  a m p l i t u d e  A.
B = P + - A -  ( 2 . 6 )
2
I f  t h e  maximum a c t u a l  t e a r i n g  l o a d  e x c e e d s  t h e  su bm erged  
w e i g h t  o f  j o i n t  b l o c k  , t h e  b l o c k  w i l l  b e  t a k e n  o u t  o f  t h e  s t a t e  
o f  r e s t  and  u n d e r  t h e  a c t i o n  o f  t h e  f i r s t  h i g h  p u l s a t i o n  i m p u l s e  
t h e  j o i n t  b l o c k  w i l l  b e  l i f t e d  o f f .  The j o i n t  b l o c k  c a n  n o t  b e  
l i f t e d  o f f  i t s  s e a t  u n d e r  t h e  e f f e c t  o f  a s i n g l e  i m p u l s e  s i n c e  
t h e  d u r a t i o n  o f  a  s i n g l e  i m p u l s e  i s  s m a l l e r  t h a n  t h e  t i m e  r e q u i ­
r e d  f o r  t h e  c a v i t i e s  t o  b e  f i l l e d  by w a t e r .  A lso  i n  c a s e  o f  a  
number  o f  h i g h  p u l s a t i o n  i m p u l s e s  , t h e  j o i n t  b l o c k  c a n  n o t  b e  
l i f t e d  o f f  i t s  s e a t ,  s i n c e  t h e  t i m e  i n t e r v a l  b e t w e e n  h i g h  p u l s a ^  
t i o n  i m p u l s e s  u s u a l l y  i s  g r e a t e r  t h a n  t h e  i m p u l s e  p e r i o d s .
C o n s e q u e n t l y  i n  o r d e r  t o  t e a r  t h e  j o i n t  b l o c k  t h e  f o l l o w i n g  
two c o n d i t i o n s  m ust  b e  s a t i s f i e d .
1) G* 2) P* G*
w here
P^ =: I n c r e a s e d  a v e r a g e d  l o a d  v a l u e .
C'* =  J o i n t  b l o c k  w e i g h t .
Th e subm erged  w e i g h t  o f  t h e  j o i n t  b l o c k  and  t h e  v a l u e  B and P^ ^
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a r e  e x p r e s s e d  i n  u n i t s  o f  t h e  w a t e r  co lu m n .
G ^ - J Ï L Z I _ = C ,  ( _ J J L  - 1 )  ( 2 . 7 )
/  S ^ If
w here
r r  The b l o c k  h e i g h t .
S zr  A re a  o f  t h e  j o i n t  b l o c k  i n  p l a n .
%»= S p e c i f i c  w e i g h t  o f  b ed  r o c k ,  
y S p e c i f i c  w e i g h t  o f  w a t e r .
The l e a s t  u l t i m a t e  v a l u e s  o f  B and  may be  d e t e r m i n e d  by 
u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
P* u l t =  B* ul t  = l . l c ^  COSY (2.8)
WTiere Y i s  t h e  a n g l e  b e t w e e n  t h e  v e r t i c a l  and t h e  p o s s i b l e  
d i r e c t i o n  o f  e x p e l l i n g  o f  t h e  j o i n t  b l o c k .  i s  t h e  j o i n t
b l o c k  s i z e  i n  t h e  d i r e c t i o n  o f  e x p e l l i n g .  The t e a r i n g  l o a d s  B 
and  g r a d u a l l y  d e c r e a s e  as  t h e  s c o u r  p i t  d e p t h  i n c r e a s e s .
G r a p h s  c h a r a c t e r i z i n g  t h e  d e c r e a s i n g  v a l u e s  o f  B and  P^ w i t h  
an i n c r e a s e  i n  t h e  d e p t h  o f  s c o u r  w ere  d r a w n .  The u l t i m a t e  v a l u e s  
B u l t  and P^ u l t  a r e  com puted  u s i n g  e q u a t i o n  ( 2 , 8 ) .  U s i n g  t h e  
g r a p h s  t h e  s c o u r  p i t  d e p t h  c a n  b e  d e t e r m i n e d  c o r r e s p o n d i n g  t o  
t h e  u l t i m a t e  v a l u e s  o f  t h e  maximum a c t u a l  t e a r i n g  l o a d  and  t h e  
a v e r a g e d  l o a d .
P a d i y a r  ( 6) h a s  o b t a i n e d  t h e  f o l l o w i n g  e q u a t i o n  to
d e t e r m i n e  t h e  s i z e  o f  a  c u b i c a l  b l o c k  w hc ih  when p l a c e d  on  t h e
d o w n s t re a m  r i v e r b e d ,  w ould  n o t  move due t o  s l i d i n g  u n d e r  t h e
e f f e c t  o f  a  j e t  i s s u i n g  f ro m  a  c i r c u l a r  s h a p e d  f l i p  b u c k e t  o f
o
r a d i u s  1 2 "  and e x i t  a n g l e  30 .
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
w here
D
II ' ' '  H ' ' S s - Ï '  ' d
D = # e p t h  o f  w a t e r  r e q u i r e d  t o  k e e p  a  c u b i c a l  b l o c k  
o f  g i v e n  s i z e  i n  c q u a l i b r i u m .
H =  D i f f e r e n c e  i n  e l e v a t i o n  b e t w e e n  u p s t r e a m  w a t e r  
l e v e l  and t i p  o f  t b e  f l i p  b u c k e t ,  
q =  D i s c h a r g e  i n  c u b i c  f e e t  p e r  s e c o n d / f o o t  o f  
s p i l l w a y ,  
g — A c c e l e r a t i o n  due t o  g r a v i t y ,
Y =: D i f f e r e n c e  i n  e l e v a t i o n  b e t w e e n  c r e s t  o f  t h e
s p i l l w a y  and b ed  e l e v a t i o n .
H z  Head o v e r  c r e s t  o f  t h e  s p i l l w a y .
8 = S p e c i f i c  g r a v i t y  o f  t h e  c u b i c a l  b l o c k .
Y =  D i f f e r e n c e  i n  e l e v a t i o n  b e t w e e n  t i p  o f  t h e  f l i
b u c k e t  and t h e  b e d  e l e v a t i o n ,  
d c z S i z e  o f  t h e  c u b i c a l  b l o c k .
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2 , 2  The F l i p  B u c k e t
The u s e  o f  a  f l i p  b u c k e t  i s  d e s c r i b e d  by  Hoffman ( l ) .
When t h e  d i s c h a r g e  o v e r  a  s p i l l w a y  i s  p a s s e d  d i r e c t l y  t o  t h e  
r i v e r b e d  on t h e  d o w n s t re a m  s i d e  w i t h o u t  p r o v i d i n g  a  s t i l l i n g  
d e v i c e ,  t h e  j e t  o f  w a t e r  i s  p r o j e c t e d  some d i s t a n c e  d o w n s t re a m  
f ro m  t h e  s t r u c t u r e  b y  means  o f  a  f l i p  b u c k e t .  J a i n  and 
G u p ta  (7)  s a y  t h a t  t h e  m o s t  s u i t a b l e  p l a c e  w here  t h i s  
t y p e  o f  e n e r g y  d i s s i p a t o r s  c o u l d  b e  u s e d  i s  w here  t h e  r o c k  
d o w n s t re a m  o f  t h e  r i v e r b e d  i s  h a r d .  T h e se  a u t h o r s  q u o t e  
Meyer a c c o r d i n g  t o  lyhom, " Where c o n d i t i o n s  malce i t  a p p l i c a b l e  
t h i s  t y p e  o f f e r s  t h e  m os t  e c o n o m ic a l  means o f  s a f e  e n e r g y  
d i s s i p a t i o n  b e l o w  t h e  s p i l l w a y , " T h i s  t y p e  o f  e n e r g y  d i s s i -  
p a t o r  Afas f i r s t  d e s i g n e d  by Andre Coyne and  c o n s t r u c t e d  a t  t h e  
330 f e e t  h i g h  M erges  Dam i n  F r a n c e .  I n  U .S .A .  t h i s  d e v i c e  h a s  
b e e n  u s e d  f o r  d i s s i p a t i n g  t h e  e n e r g y  o f  l a r g e  v o lu m es  o f  w a t e r  
i n  medium h e a d  s p i l l w a y s  (58  f e e t  t o  160 f e e t ) .  F low l e a v e s  
t h e s e  f l i p  b u c k e t s  i n  t h e  fo rm  o f  an  u p t u r n e d  j e t  and f a l l s  
i n t o  t h e  d o w n s t re a m  c h a n n e l  some d i s t a n c e  f ro m  t h e  end o f  t h e  
s p i l l w a y .
E l e v a t o r s k i  (8)  h a s  d i s c u s s e d  d i f f e r e n t  f a c t o r s  
t o  b e  c o n s i d e r e d  i n  t h e  d e s i g n  o f  b u c k e t  t y p e  e n e r g y  d i s s i p a t o r s ,  
The a u t h o r  s a y s  t h a t  a s  t h e  j e t  f a l l s  t h r o u g h  t h e  a t m o s p h e r e  i t  
w i l l  be  a f f e c t e d  b y  s h e a r i n g  a c t i o n ,  i n t e r n a l  t u r b u l e n c e  and 
s u r f a c e  t e n s i o n  c a u s i n g  t h e  j e t  t o  p a r t i a l l y  d i s i n t e g r a t e ;  when 
t h i s  j e t  f a l l s  on  t h e  d o w n s t re a m  c h a n n e l ,  a  s c o u r  h o l e  i n  t h e  
r i v e r b e d  i n  t h e  v i c i n i t y  o f  t h e  i m p a c t  a r e a  w i l l  b e  f o r m e d .  To 
p r e v e n t  t h e  s c o u r  h o l e  f rom  p r o g r e s s i n g  u p s t r e a m ,  t h e  r i v e r b e d
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m u s t  b e  a b l e  t o  w i t h s t a n d  t h e  s c o u r i n g  a c t i o n .  When a  f l i p  
b u c k e t  o p e r a t e s ,  s p r a y  and a  t u r b u l e n t  w a t e r  s u r f a c e  i n  t h e  
d o w n s t re a m  r i v e r  i s  f o rm e d .  F a c t o r s  w h ich  a r e  c o n s i d e r e d  i n  
t h e  d e s i g n  o f  a  f l i p  b u c k e t  a r e  b u c k e t  s h a p e ,  e n t r a n c e  and  
e x i t  s l o p e s ,  e l e v a t i o n  o f  t h e  b u c k e t  l i p ,  l i p  h e i g h t ,  t r a i n i n g
w a l l s ,  t r a j e c t o r y  l e n g t h  and e r o s i o n  o f  t h e  d o w n s t re a m  c h a n n e l  
b e d .
2 . 3  J e t  T r a j e c t o r y  L e n g th
Gunko and B u rk o v  (5 )  s t u d i e d  t h e  p r o b l e m s  r e l a t e d
t o  t h e  s c o u r  b e d  b e l o w  s p i l l w a y s .  The l e n g t h  o f  t h e  j e t  
t r a j e c t o r y  d e t e r m i n e s  t h e  l o c a t i o n  o f  t h e  s c o u r  p i t .  The j e t
t r a j e c t o r y  l e n g t h  d e p e n d s  on t h e  e n e r g y  o f  t h e  f l o w  a v a i l a b l e  
a t  t h e  b u c k e t  l i p ,  t h e  e x i t  a n g l e  o f  t h e  b u c k e t ,  and  t h e  eleva»-  
t i o n  and h e i g h t  o f  t h e  b u c k e t  l i p  w i t h  r e s p e c t  t o  t h e  b u c k e t  
i n v e r t .  As t h e  j e t  f a l l s  f r e e l y  t h r o u g h  t h e  a i r ,  t h e r e  w i l l  
b e  l o s s e s  i n  i t s  e n e r g y  due t o  a e r a t i o n  and t h e  j e t  w i l l  f a l l  
t o  a  l e s s e r  d i s t a n c e  t h a n  an  u n a e r a t e d  j e t .  The p r i n c i p a l  f a c ­
t o r s  w hich  d e t e r m i n e  t h e  j e t  t r a j e c t o r y  l e n g t h  a r e  e x i t  a n g l e  
and  h e a d .  The l i p  h e i g h t  s h o u l d  b e  s e t  s u f f i c i e n t l y  h i g h  so 
t h a t  t h e  j e t  w i l l  be p r o j e c t e d  w e l l  b e y o n d  t h e  s t r u c t u r e  w i t h o u t  
i n t e r f e r e n c e  f rom  t h e  t a i l w a t e r ,
I .
2 . 4  E r o s i o n
P o s e y  ( 9 ) d e s c r i b e s  t h e  b a s i c  m echan ism  o f  e r o s i o n .  
A c c o r d i n g  t o  t h e  a u t h o r  a l t h o u g h  r a p i d  e r o s i o n  commonly r e s u l t s
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i n  p l a c e s  w h ere  t h e  t r a c t i v e  f o r c e  o r  s h e a r  i s  h i g h ,  i t  i s  
p o s s i b l e  t h a t  u n d e r  c e r t a i n  c i r c u m s t a n c e s  due t o  t h e  b a s i c  
m echan ism  o f  e r o s i o n ,  h i g h  s h e a r  may e x i s t  w i t h o u t  r a p i d  
e r o s i o n  and  i n  s t i l l  o t h e r  s i t u a t i o n  r a p i d  e r o s i o n  w i l l  t a k e  
p l a c e  when t h e  s h e a r  i s  n o t  v e r y  h i g h .  The a u t h o r  e m p h a s i z e s  
t h a t  t h e  i m p o r t a n t  f a c t o r  w h ich  i s  o f  g r e a t e r  i n f l u e n c e  on 
e r o s i o n  i s  t h e  p r e s s u r e  g r a d i e n t s  t h a t  may be  i n c l u d e d  i n  t h e  
m a t e r i a l  b e i n g  e r o d e d .  The a u t h o r  t e r m s  t h e s e  a s  t r a n s i t o r y  
and f i x e d .  lïhen t h e  c o n f i g u r a t i o n  o f  t h e  e r o d i b l e  b ed  m a t e r i a l  
i s  su c h  t h a t  t h e  f l o w  l i n e s  a r e  c o n c a v e  f a c i n g  downward,  t h e r e  
w i l l  be  a r e a s  o f  t h e  b o t t o m  o v e r  w h ic h  t h e  p r e s s u r e  i s  l e s s  
t h a n  h y d r o s t a t i c .  I f  t h e  c u r v a t u r e  i s  t h e  o t h e r  way,  t h e  
p r e s s u r e  i s  g r e a t e r  t h a n  h y d r o s t a t i c  i n  n e a r b y  a r e a .  The a u t h o r  
u s e s  t h e  t e r m ,  "’ F i x e d  " f o r  s u c h  p a t t e r n s  o f  p r e s s u r e  g r a d i e n t s  , 
The f l o w  i n d u c e d  t h r o u g h  t h e  b e d  m a t e r i a l  i s  u p w ard  a t  low  p r e ­
s s u r e  a r e a s  and  t h e  e r o s i o n  w i l l  be  r a p i d  a t  t h e s e  l o c a t i o n s .
A c c o r d i n g  t o  P o s e y  ( 9 ) ,  t h e  " T r a n s i t o r y  " p r e s s u r e  
d i f f e r e n c e s  o c c u r  due  t o  t h e  e d d i e s  i n  t h e  f l o w  w hich  im p in g e  
o n  t h e  b o t t o m .  Then " T r a n s i t o r y  " p r e s s u r e  d i f f e r e n c e s  r e s u l t  
i n  e r o s i o n  o f  a  p a r t  o f  b e d  m a t e r i a l .  Once t h i s  e r o s i o n  o c c u r s  
t h e  f i x e d  p r e s s u r e  d i f f e r e n c e  t a k e s  p l a c e  and  r e s u l t s  i n  t h e  
c o n t i n u a t i o n  o f  t h e  e r o s i o n  s t a r t e d  b y  t h e  t r a n s i t o r y  o n e ,
Chee and  P a d i y a r  (10)  d e s c r i b e  t h e  c a u s e  o f  
e r o s i o n  and  t h e  ways o f  p r o t e c t i n g  t h e  h y d r a u l i c  s t r u c t u r e  
e n d a n g e r e d  b y  i t .  The a u t h o r s  s a y  t h a t  i f  t h e  r i v e r b e d  i s  made 
up  o f  a  hom ogeneous  g r a n u l a r  m a t e r i a l ,  a  r e g u l a r  d i s h - s h a p e d
11
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h o l e  i s  f o rm e d  b y  a  f a l l i n g  j e t  o f  w a t e r .  However  i f  t h e  
r i v e r b e d  h a s  a  h e t e r o g e n e o u s  c o m p o s i t i o n ,  i r r e g u l a r  an d  s t e e p  
s i d e d  s c o u r  h o l e s  a r e  l i k e l y  t o  b e  f o rm e d  t h r o u g h  l a y e r s  o f  
s o f t  and  h a r d  r o c k .  The h o l e s  t h u s  f o rm e d  may p r o g r e s s  u p s t r ­
eam and  u n d e r m in e  t h e  h y d r a u l i c  s t r u c t u r e .  One s o l u t i o n  t o  t h e  
p r o b l e m  i s  t h a t  a  p l u n g e  p o o l  o f  t h e  same c o n f i g u r a t i o n  a s  t h e  
s c o u r  h o l e  o b s e r v e d  i n  model  u s i n g  a  g r a n u l a r  b e d  b e  e x c a v a t e d  
i n  t h e  d o w n s t re a m  r i v e r b e d .  The o t h e r  s o l u t i o n  i s  t o  make t h e  
a l r e a d y  fo rm e d  s c o u r  h o l e  h a r m l e s s  b y  a r m o r i n g  t h e  b e d  w i t h  c u t -  
b i c a l  b l o c k s  o f  s u i t a b l e  s i z e  and  s p e c i f i c  g r a v i t y .  An opt imum 
s o l u t i o n  c o u l d  p o s s i b l y  be  a t t a i n e d  b y  c o n s t r u c t i n g  a  p l u n g e  
p o o l  b a s e d  on  a  d i s c h a r g e  and  a  h e a d  s m a l l e r  t h a n  t h e  p r o j e c t  
d e s i g n  v a l u e s  i n  c o n j u n c t i o n  w i t h  p r o t e c t i n g  t h e  h o l e  b y  a rm o r­
i n g  t h e  b e d  w i t h  a  l a y e r  o f  c u b i c a l  b l o c k s .
12
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C H A P T E R  8
EXPERIMENTAL APPARATUS A.ND PROCJÜMJR]?
3 .1  E x p e r i m e n t a l  A p p a r a t u s
The a p p a r a t u s  u s e d  f o r  t h e  e x p e r i m e n t a l  s t u d i e s  i s  shown 
i n  f i g u r e s  3 & 4.
. The h e a d  t a n k  was made f ro m  s t e e l  p l a t e s  and  m e a s u re d  
1 ' —0 " x 4 L ^ i n  p l a n .  The w a t e r  e n t e r e d  t h e  t a n k  b y  a  6 "  d i a m e t e r  
s u p p l y  p i p e .  A c i r c u l a r  o r i f i c e  i n  d i a m e t e r  was p r o v i d e d
a t  t h e  b a s e  o f  t h e  t a n k  t o  d r a i n  t h e  w a t e r .  T h i s  o r i f i c e  was 
c l o s e d  b y  a  w a t e r t i g h t  p l u g  when t h e  a p p a r a t u s  was i n  o p e r a t i o n .  
The f o u r  s p i l l w a y s  u s e d  i n  t h e  e x p e r i m e n t s  were a l l  1 6 "  wide  
an d  e a c h  h a d  a  c i r c u l a r  s h a p e d  b u c k e t  w i t h  8 "  r a d i u s  and  3 / 4 "
o o
w ide  f l a t  l i p  e x i t  b u t  w i t h  d i f f e r e n t  e x i t  a n g l e s  o f  15 , 80 , 
o o
45 and 60 . The d o w n s t r e a m  b a s i n  w hich  m e a s u re d  1 1 'x G '  i n  
p l a n  and w i t h  4 f e e t  h i g h  s i d e w a l l s ,  was made f rom  t i m b e r »  i t  was 
p r o v i d e d  w i t h  a  1 ' —7 "  t h i c k  b e d  made up o f  3 / 4 "  s i z e  s t o n e . A 
t a i l w a t e r  c o n t r o l  g a t e  was i n s t a l l e d  a t  t h e  d o w n s t re a m  end .
A f i l t e r  was a l s o  p r o v i d e d  a t  t h e  o u t l e t  e n d .  Two ma n o me t e r s  
w ere  f i x e d  one  n e a r  t h e  u p s t r e a m  and  t h e  o t h e r  n e a r  t h e  downs­
t r e a m  s i d e  o f  one  s i d e w a l l .  The d i s c h a r g e  was m e a s u re d  b y  an  
e l e c t r o n i c  f l o w  m e t e r .  O t h e r  i t e m s  u s e d  i n c l u d e d  c u b i c a l  b l o c k s ,  
a  2 ' x 8 '  and 3 / 8 "  t h i c k  s t e e l  p l a t e ,  s t e e l  c l a m p s ,  wooden s t r i p s ,  
g r a d u a t e d  c y l i n d e r s  and  two b a l a n c e s .
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
3 . 2  E x p e r i m e n t a l  I n v e s t i g a t i o n
F i r s t ,  t h e  s p e c i f i c  g r a v i t i e s  o f  t h e  c u b i c a l  b l o c k s  w ere  
f o u n d  i n  t h e  f o l l o w i n g  m an n e r .  Each b l o c k  was w e ig h e d  u s i n g  
two b a l a n c e s  c a l i b r a t e d  t o  r e a d  d i r e c t l y  t o  l / l O t h  and  l / l O O t h  
o f  a  p o u n d .  The w e i g h t  (¥)  was r e c o r d e d .  A g r a d u a t e d  c y l i n d e r  
was f i l l e d  w i t h  w a t e r  and t h e  vo lum e o f  w a t e r  (V) was r e c o r d e d .  
Then each  b l o c k  was d r o p p e d  i n  t u r n  i n t o  t h e  c y l i n d e r  and  t h e  
t o t a l  vo lum e (V^) r e c o r d e d .  The s p e c i f i c  g r a v i t y  o f  t h e  b l o c k  
was o b t a i n e d  f rom :
s  =    E   ( 3 . 1 )
® (V T - V )x 6 2 .4  ,
The s i z e s  o f  t h e  b l o c k s  u s e d  i n  t h e  e x p e r i m e n t  r a n g e d  f ro m  
1 "  t o  6 "  and  t h e i r  s p e c i f i c  g r a v i t i e s  r a n g e d  f ro m  1 . 0 6  t o  4 . 1 4 .  
The i n v e s t i g a t i o n  f o r  t h e  s t a b i l i t y  o f  c u b i c a l  b l o c k s  c a n  be  
d i v i d e d  i n t o  two p a r t s  a s  f o l l o w s :
a) S l i d i n g  o f  c u b i c a l  b l o c k s .
b) O v e r t u r n i n g  o f  c u b i c a l  b l o c k s .
a) S l i d i n g  o f  C u b i c a l  B l o c k s
The b e d  was l e v e l l e d .  The h e a d  t a n k  f i l l e d  w i t h  w a t e r  
and t h e  j e t  was a l l o w e d  t o  p l u n g e  i n t o  t h e  b a s i n .  The 
p o s i t i o n  w here  t h e  j e t  s t r u c k  t h e  b e d  was n o t e d ,  t h e  p o s i ­
tion o f  the control valve was marked and t h e  supply was 
c l o s e d .  A s t e e l  p l a t e  was p l a c e d  on  t h e  b e d  i n  t h e  a r e a  
o f  t h e  im p in g e m e n t  o f  t h e  j e t  an d  a  c o n c r e t e  b l o c k  o f  known 
s i z e  and s p e c i f i c  g r a v i t y  was p l a c e d  on t h e  s t e e l  p l a t e  a s  
c l o s e  a s  p o s s i b l e  t o  t h e  p o i n t  w here  t h e  c e n t r e  o f  t h e  j e t
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s t r u c k  t h e  s t o o l  p l a t e .  The p o s i t i o n  o f  t l i e  b l o c k  was 
c a r e f u l l y  marked on t h e  p l a t e .  The same d i s c h a r g e  was 
l e t  t h r o u g h  and  a f t e r  a  s h o r t  t i m e  was a g a i n  c l o s e d  to  
s e e  w h e t h e r  t h e  b l o c k  h a d  moved.  I n  t h i s  m anner  t h e  
minimum d i s c h a r g e  w h ich  c o u l d  d i s t u r b  t h e  b l o c k  was f o u n d ;  
t h e  c o r r e s p o n d i n g  h e a d  t a n k  w a t e r  l e v e l ,  u p s t r e a m  and d o w n s t r .  
earn t a i l w a t e r  l e v e l s  were  o b s e r v e d  and  r e c o r d e d .  I n  t h i s  
m anner  t h e  s t a b i l i t y  o f  c u b i c a l  b l o c k s  o f  d i f f e r e n t  s i z e s  
and  s p e c i f i c  g r a v i t i e s  was i n v e s t i g a t e d .
b) O v e r t u r n i n g  o f  C u b i c a l  B l o c k s
I n  t h i s  p a r t  o f  t h e  e x p e r i m e n t  3 / 4 "  w ide  and 2 '  l o n g  
wooden s t r i p s  wore  u s e d  a s  o b s t r u c t i o n s  t o  t h e  movement 
o f  t h e  b l o c k s .  Those  wooden s t r i p s  were  1 " ,  1^ ", l l-  ",  2" ,
2 ^ " ,  2 ^ " ,  3 " ,  8 ^ "  and  4 ^ "  h i g h  and  r e p r e s e n t e d  t h e  h e i g h t s  
z o f  t h e  o b s t r u c t i o n .  B l o c k s  o f  d i f f e r e n t  s i z e s  were
u s e d  w i t h  t h e s e  s t r i p s  t o  o b t a i n  r a t i o s  o f  a p p ro x im a ^
d
t e l y  1 / 4 , 1 / 2  and 3 / 4 .  The p r o c e d u r e  a d o p t e d  was t h e  
same a s  i n  p a r t  ( a )  o f  t h i s  s e c t i o n  w i t h  t h e  f o l l o w i n g  
d i f f e r e n c e .
The p l a t e  was p l a c e d  w i t h  i t s  3 '  l e n g t h  a l o n g  t h e  
a x i s  o f  t h e  j e t .  The 2* l o n g  and 3 / 4 "  w ide  wooden s t r i p  
was p l a c e d  on t h e  p l a t e  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  
j e t  and such  t h a t  t h e  h e i g h t  o f  t h e  s t r i p  fo rm e d  t h e  
h e i g h t  z o f  t h e  o b s t r u c t i o n .  The s t r i p  was f i r m l y  c la m p e d  
t o  t h e  s t o o l  p l a t e  on b o t h  e n d s .  The b l o c k  was p l a c e d
f l u s h e d  w i t h  t h e  u p s t r e a m  f a c e  o f  t h e  s t r i p  a t  a  p o i n t  a s
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c l o s e  a s  p o s s i b l e  w here  t h e  c e n t r e  o f  t h e  j e t  s t r u c k  t h e  
s t e e l  p l a t e .  The minimum v a l u e  o f  t h e  d i s c h a r g e  r e q u i r e d  
t o  o v e r t u r n  t h e  b l o c k  was o b t a i n e d  b y  r e p e a t e d  o b s e r v a t i o n s ,  
I n  t h i s  m anner^  t h e  s t a b i l i t y  o f  c u b i c a l  b l o c k s  o f  d i f f e r ­
e n t  s i z e s  and  s p e c i f i c  g r a v i t i e s  w i t h  d i f f e r e n t  r a t i o s
was i n v e s t i g a t e d .
The d i s c h a r g e  d u r i n g  t h e  w ho le  i n v e s t i g a t i o n  r a n g e d  
f rom  a p p r o x i m a t e l y  0 . 2 B  c f s  t o  2 .8 6  c f s .  The r e s u l t s  a r e  
t a b u l a t e d  i n  t a b l e s  1 t o l 6 .
3 . 3  E x p e r i m e n t a l  E r r o r s
The p o s s i b l e  e r r o r s  w h ich  m i g h t  h a v e  o c c u r e d  d u r i n g  t h e s e  
i n v e s t i g a t i o n s  a r e  a s  f o l l o w s :
a -  S in c e  t h e  f l o w  r e c o r d e r  was g r a d u a t e d  t o  r e a d  d i r e c t l y  
t o  50 U. 8 g a l l o n s  p e r  m i n u t e ,  t h e  d i s c h a r g e  c o u l d  b e  
r e a d  o n l y  t o  on a c c u r a c y  o f  10 U .S  g a l l o n s  p e r  m i n u t e .  
D u r in g  t h e  whole  i n v e s t i g a t i o n s  t h e  maximum and  minim­
um d i s c h a r g e s  r e a d  were  a b o u t  1400 and 100 U . 8 G.P.M
r e s p e c t i v e l y .  Thus t h e  minimum p o s s i b l e  p e r c e n t a g e
10 
1400
e r r o r  i n  r e a d i n g  t h e  d i s c h a r g e  i s  x 1 0 0 :=  0 . 7 1 #
•| 0 ^and  t h e  maximum i s  —  x 1 0 0 - =  10^  .
100
b -  Due t o  t h e  f l u c t u a t i o n s  i n  t h e  g a g e s ,  t h e  w a t e r  l e v e l  
o b s e r v e d  c o u l d  be  s u b j e c t  t o  an  e r r o r  o f  ^ d / O .  The 
maximum and minimum o b s e r v e d  w a t e r  l e v e l s  w ere  a b o u t  
5 4 "  and 4 "  r e s p e c t i v e l y .  T h e r e f o r e  t h e  minimum p o s s i ­
b l e  p e r c e n t a g e  e r r o r  i n  r e a d i n g  t h e  w a t e r  l e v e l  i s
1
8x54
100 ^ 0 . 2 8  ^  and t h e  maximum i s
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• g ^  X 100 =- 3 . 1 ^ .
c -  Due t o  t h e  s p r a y  and t u r b u l e n t  t a i l  w a t e r  c a u s e d  b y  
t h e  j e t  i t  was n o t  p o s s i b l e  t o  n o t e  t h e  e x a c t  p o s i t ­
i o n  o f  t h e  p o i n t  w here  t h e  c e n t r e  o f  t h e  j e t  s t r u c k  
t h e  s t e e l  p i a t e , ^  t h e  b l o c k  i n  c e r t a i n  c a s e s  may n o t  
h a v e  b e e n  l o c a t e d  e x a c t l y  a t  t h a t  p o i n t .
d -  A l th o u g h  t h e  g r a n u l a r  b e d  was l e v e l l e d  e a c h  t i m e  i t  
was d i s t u r b e d  b y  t h e  j e t ,  t h e  s t e e l  p l a t e  was n o t  
p e r f e c t l y  h o r i z o n t a l  on t h e  g r a v e l .
e -  B l o c k s  o f  d i f f e r e n t  s p e c i f i c  g r a v i t i e s  w ere  made by
c o m b in in g  d i f f e r e n t  m a t e r i a l s  e . g . ,  c o n c r e t e  o f  v a r i o u s  
m i x e s ,  i r o n  s h a v i n g s  and  foam i n  d i f f e r e n t  p r o p o r t ­
i o n s .  T h e r e f o r e  t h e  c o e f f i c i e n t  o f  f r i c t i o n  o f  t h e  
s u r f a c e s  o f  b l o c k s  o f  d i f f e r e n t  s p e c i f i c  g r a v i t i e s  
v a r i e d  s l i g h t l y  f rom  e a ch  o t h e r , .
17
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CHAPTER 4 
ANALYTICAL CONSIDERATION
4 . 1  S t a b i l i t y  o f  C u b i c a l  B l o c k s
I n  c a s e  i t  i s  a n t i c i p a t e d  t h a t  a  s c o u r  h o l e  w i l l  f o rm  a t  
t h e  p o i n t  o f  J e t  im p in g e m e n t  b e lo w  a f l i p  b u c k e t  and  w i l l  p r o ­
g r e s s  u p s t r e a m  t h e r e b y  c a u s i n g  damage t o  t h e  s t r u c t u r e ,  c u b i c ­
a l  s h ap ed  b l o c k s  c a n  b e  u s e d  t o  p r o t e c t  t h e  a r e a  a g a i n s t  s c o u r .  
The p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  o b t a i n  a  r e l a ­
t i o n s h i p  w h ich  w i l l  g i v e  t h e  minimum s i z e  o f  a  c u b i c a l  b l o c k  
w h ich  w i l l  r e m a i n  s t a b l e  u n d e r  t h e  e f f e c t  o f  p l u n g i n g  w a t e r  
j e t s .  The f a c t o r s  which  i n f l u e n c e  t h e  s t a b i l i t y  o f  t h e  b l o c k  
i n c l u d e  d i s c h a r g e ,  d i f f e r e n c e  i n  up s t r e a m  and d o w n s t re a m  w a t e r  
l e v e l s ,  d e p t h  o f  t a i l w a t e r ,  e l e v a t i o n  o f  s p i l l w a y  c r e s t ,  e x i t  
a n g l e ,  s i z e  and  w e i g h t  o f  t h e  b l o c k  an d  h e i g h t  o f  t h e  b l o c k  
o b s t r u c t i o n .
The i n v e s t i g a t i o n  was c o n d u c t e d  f o r  f o u r  s p i l l w a y s  h a v i n g  
b u c k e t s  w i t h  e x i t  a n g l e s  o f  1 5 ,  30 ,  45 and  60 d e g r e e s ,
4 . 2  C r i t e r i o n  f o r  S t a b i l i t y
Chee and P a d i y a r  (10)  d i s c u s s e d  t h e  f o r c e s  
c a u s i n g  and  o p p o s i n g  t h e  movement o f  t h e  b l o c k .  The m o t i o n  o f  
t h e  b l o c k ,  w h ich  i s  p l a c e d  i n  t h e  a r e a  o f  i m p a c t  o f  t h e  j e t  
i s s u i n g  f rom a f l i p  b u c k e t ,  i s  c a u s e d  b y  t h e  f o l l o w i n g  two f o r ­
c e s :  ( i )  The f o r c e s  w h ich  t h e  j e t  e x e r t s  on t h e  u p s t r e a m  f a c e
18
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o f  t h e  b l o c k .
( i i )  The d r a g  f o r c e  on  t h e  e x p o s e d  f a c e s  o f  t h e  c u b i c a l  
b lo c k . .
The f o r c e s  w hich  r e s i s t  t h e  m o t i o n  o f  t h e  b l o c k  a r e ,  i n  a d d i ­
t i o n  t o  t h e  w e i g h t  o f  t h e  b l o c k  ;
( i )  F o r  t h e  s l i d i n g  c a s e ,  t h e  f r i c t i o n a l  f o r c e  b e t w e e n  
t h e  p l a t e  and t h e  b o t t o m  o f  t h e  b l o c k .
( i i )  F o r  t h e  o v e r t u r n i n g  c a s e ,  t h e  o b s t r u c t i o n  p r e v e n t ­
i n g  t h e  m o t i o n  o f  a  p a r t i c u l a r  b l o c k .
The c r i t e r i o n  f o r  s t a b i l i t y  o f  t h e  b l o c k  i s  s l i d i n g  i n  
t h e  f i r s t  p a r t  o f  t h e s e  i n v e s t i g a t i o n s  and  o v e r t u r n i n g  i n  t h e  
s e c o n d  s e r i e s  o f  e x p e r i m e n t s .
4 . 3  E v a l u a t i o n  o f  V a r i a b l e s
The main  f o r c e  a f f e c t i n g  t h e  m o t i o n  o f  t h e  f l u i d  i n  c a s e  
o f  s p i l l w a y  m o d e l s  i s  t h e  f o r c e  o f  g r a v i t y .  The o t h e r  f o r c e s  
due  t o  s u r f a c e  t e n s i o n ,  v i s c o s i t y  and  f r i c t i o n  a r e  t h e r e f o r e  
n o t  c o n s i d e r e d .  The t r a n s f e r e n c e  o f  t h e  t e s t s  t o  t h e  p r o t o t ­
y p e  i s  done by  t h e  F r e u d i a n  l a w  of s i m i l i t u d e  ( 1 2 ) ,
R e f e r r i n g  t o  f i g .  2,  t h e  v a r i a b l e s  w h ich  i n f l u e n c e  t h e
s tab i l i ty  of cubical blocks are as follows:
D =  D e p th  o f  w a t e r  r e q u i r e d  t o  k e e p  a  c u b i c a l  b l o c k  
s t a b l e .
q d  D i s c h a r g e  p e r  f o o t  w i d t h  o f  s p i l l w a y .
19
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H ^ D i f f e r e n c e  i n  e l e v a t i o n  b e tw e e n  u p s t r e a m  w a t e r  
l e v e l  and t i p  o f  t h e  f l i p  b u c k e t .
T ^ D i f f e r e n c e  i n  e l e v a t i o n  b e tw e e n  c r e s t  o f  t h e  
s p i l l w a y  and b e d  e l e v a t i o n ,  
f * — D e n s i t y  o f  m a t e r i a l  o f  c u b i c a l  b l o c k .
C =  D e n s i t y  o f  w a t e r ,  
d ^ S i z e  o f  t h e  c u b i c a l  b l o c k .
Z =  H e i g h t  o f  t h e  o b s t r u c t i o n  to  t h e  b l o c k .
A ngle  o f  t h e  b u c k e t .
A c c e l e r a t i o n  due  t o  g r a v i t y .
Thus t e n  p a r a m e t e r s  D, q ,  H, T, 2, c< and  g a r e
i n v o l v e d .  T h ese  p a r a m e t e r s  c a n  be  w r i t t e n  i n  t h e  fo rm  o f  
an  e q u a t i o n  a s  f o l l o w s :
^  ( D, q , I i , T , , P , d , Z, , g ) — 0 ( 4 . 1 )
T h e re  a r e  t e n  v a r i a b l e s  and t h r e e  f u n d a m e n t a l  d i m e n s i o n s  
L-T-M. A c c o r d i n g  t o  Buckingham  (1 1 & 1 2 ) ,  t h e  f u n c t i o n a l  r e l a t ­
i o n s h i p  m u s t  h a v e  s e v e n  d i m e n s i o n l e s s  f l - t e r m s ,  i n  w h ich  t h r o P  
v a r i a b l e s  m u s t  b e  common. The t h r e e  v a r i a b l e s  c h o s e n  h e r e  a r e  
Y, t h e  d i f f e r e n c e  i n  e l e v a t i o n  b e t w e e n  c r e s t  o f  t h e  s p i l l w a y  
and bed  e l e v a t i o n  u n i t  d i s c h a r g e  q and  d e n s i t y  o f  w a t e r  
The r e m a i n i n g  s e v e n  v a r i a b l e s  a p p e a r  s e p a r a t e l y  i n  s e v e n  g roup :  
T h e se  s e v e n  v a r i a b l e s  a r e  g i v e n  t h e  e x p o n e n t  - 1  and t h e  o t h e r s  
unknown e x p o n e n t s .  T h e se  e x p o n e n t s  a r e  t o  be d e t e r m i n e d .
( r i ] ,  T i g ,  T i g ,  T I 4 , T i g ,  T l g ,  T l y ) : =  0 ( 4 . 2 )
i n  w hich .
2Ü
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r % 2 =  0 ^2  e * 2
I l g  ^  Y^3 q ^ 8 e * 3 C g l ; m. n.11^  =  Y 4 q " ^  g 4 d
1^5 = q^5 f * 5  2"1 ;
riy^ = Y^7 q ^ 7 g * 7  g " l ;
I n  o r d e r  t o  o b t a i n  t h e  d i m e n s i o n l e s s  I l - t e r m ,  t h e  unknown 
e x p o n e n t s  m us t  be  such  t h a t  i f  t h e y  a r e  w r i t t e n  i n  t e r m s  o f  
L-T  and  M, t h e  e x p o n e n t  o f  e a c h  i n d e p e n d e n t  d i m e n s i o n  w i l l  b e ­
come z e r o .  Thus t h e  f o l l o w i n g  s o l u t i o n  o f  s i m u l t a n e o u s  e q u a t ­
i o n s  w i l l  y i e l d  t h e  T l - t e r m s .
(L)^"  ^ L ^m
T
=  1 ;  m
^ 1
_  _Y_
D
, io n
lY g  = T .'—*—• 9
H
: ^ 3  = ( L b
 ^ 2
(k__)"' :
T
n . ,  :o = 0 ;  Mg
n
^ s
H y  = ( b f ?
T
'
4  :— •“ 3 j m,
=  _ £ ?]TT
g ï “
L ’^
o o o
L T M
0 : n)
I TT J .
z
M \ n _ /  M '0\ 'ey'',
0 ;  n q  — 1
<3 0 0
L T M
L'
o n o
L T M
* T'» - (”)V— c.: Jr ^-rj “™
( 4 . 3 )
( 4 . 4 )
( 4 . 5 )
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I n t r o d u c i n g  t h e  above  d i m e n s i o n l e s s  g r o u p s  o f  v a r i a b l e s  i n  
e q u a t i o n  ( 4 . 2 )  t h e  f o l l w o i n g  r e l a t i o n s h i p  i s  o b t a i n e d ;
J__ _
2 '  D '  H '  f  '
X
d
X-, o( ,-32  )=0 
z g y s
( 4 . 6 )
o r  ^  / D T H 1 T H
r  3 '  * » ) » •
T H T S d I  Z T
, . - â - ,  o( ,- 3 2  )_Q
g r
( 4 . 7 )
o r  ,
O yH
X
s d
( 4 . 8 )
H e n c e ,
1 H-----------  > > 7"
S - 1  d l t 4s d
^ , o ( , - S - ) = 0 ( 4 . 9 )
The t e r m  .SlE- i s  known a s  t h e  Drop  n u m b e r ,  t h e  v a l u e  o f  w h ich
d e c r e a s e s  w i t h  an i n c r e a s e  i n  t h e  P r o u d e  number  ( 1 ) .
S i n c e  t h e  IT t e r m  —2— c o n t a i n s  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s
H
o f  t h e  s t a b i l i t y  o f  t h e  b l o c k ,  i t  may b e  c o n s i d e r e d  t h e  d e p e n ­
d e n t  v a r i a b l e .
Thus e q u a t i o n  ( 4 . 9 )  t a k e s  t h e  fo rm ;
1
H g ? S - 1  I t ^  ' d Y
( 4 . 1 0 )
o r  — — K 
H
( ^ ) a.
g r
(— ) ^ 2 ( - V ) ' ' 31 + i
k<)*5 ( - ^ ) ^ 6
Y
( 4 . 1 1 )
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The  c o n s t a n t s  K, a ^ , a ^ ,  a ^ ,  a ^  a^ and  a^ a r e  t o  be  fo u n d  w i t h  
t h e  h e l p  o f  e x p e r i m e n t a l  d a t a  u s i n g  s t a t i s t i c a l  m e t h o d s .
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CHAPTER 5
ANALYSIS AND DISCUSSION OF RESULTS
5 .1  E v a l u a t i o n  o f  C o n s t a n t s :
I n  e q u a t i o n  ( 4 . 1 0 )  t h e  c o n s t a n t s  k ,  a ^ , a ^ ,  a ^ ,  a g and  a^
w ere  o b t a i n e d  b y  u s i n g  t h e  e x p e r i m e n t a l  d a t a  w i t h  t h e  a i d  o f  s t a ­
t i s t i c a l  m e t h o d s .  The i n f l u e n c e  o f  —S— i s  s m a l l  due  t o  t h e  s m a l l
Y
v a l u e  o f  t h e  e x p o n e n t  a^ and o m i t t e d  f ro m  t h e  e q u a t i o n .  The m os t  
g e n e r q l  e q u a t i o n  t h e n  beco m es ;
- 2 -  =  2 .7 5  ((j2 /gT ® )‘ ^ ® (_i—
\  « V I  b T  ( 5 . 1 )
•where t h e  v a r i a b l e s  a r e  a s  p r e v i o u s l y  d e f i n e d  i n  e q u a t i o n  
( 4 . 1 1 )  and i l l u s t r a t e d  i n  f i g u r e  2. The f o l l o w i n g  e q u a t i o n s  
w ere  o b t a i n e d  f rom  e q u a t i o n  ( 5 , 1 )  f o r  d i f f e r e n t  e x i t  a n g l e s
y
o f  b u c k e t  and d i f f e r e n t  ------ r a t i o s ,
d
o
Case  I  oC 15
G e n e r a l :  . 54( 'q^/gY^)  ' ^ ^ (  J _ )  '  ^ ( - 1 ^ ) " ( J L )  ' ( 5 . 2 )
H S -1  d
® d
b 0 ;  _ 2 _  =  . 5 4 ( & & )  ' ^ ^ (  1.  ) ' ^ ( _ H __) * ^° ( 5 . 3 )
d H gT '^  Sg-1 d
c -  J&_ =  0 ,2 5 i_ D _  =  .4 7 (& Ê _ ) '^ ^ (_ 1 — )  ' ^  (J L )  ' 40 ( 5 , 4 )
d  H gY"* Sg-1 d
d -  _ A . T : 0 , 5 0 ; _ 2 _  =  . 42(iL^ ) *  ^^ ( - i — ) ' ( J L . )  ' ^0 ( 5 . 5 )
d H gY*^  Sg-1 d
e -  _ Z _ = = 0 . 7 5 ; , J _ r : .  . 4 0 ( ^ )  * ^ ^ ( - 1 ----) * ^ ( J L _ ) * ^ °  ( 5 . 6 )
d H gY Sg-1 d
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Case II  o( =  8(f
a -  G e n e r a l :  1 . 2 5 ( 2 ^ ) — ) ' 20 « GO ( 5 . 7 )
H gT" Sg-1 1+ji d
d
b -  0: _2_zz  1 . 2 5 ( i f ^ ) ' ^ ^ ( _ l — ) .2 0 ( '2 .y .4 C
d H gT"^  Sg_l d
c 1 _ = 0 . 2 5 :  _ 2 _ = 2 l . 0 9 ( - 3 - ^ ) " ^ ^ ( — ^ ) » 2 0 ^ X ) . 4 0
d n gT^ 8 g - l  d
d----5 _ = 0 . 5 0  _ 2 _ - 0 . 9 8 ( 2 ^ J ' ^ ^ ( - l — ) '3 0 ^ X ^ .4 C  ( 5 .1 0 )
d H gT^ Sg-1 d
e----- ^ = % 0 . 7 5 ;  _ ^ = o . 8 9 ( ^ ) ' ^ ^ ( — — ) ' ^ ( — ^ ' ' ^ ^  ( 5 . 1 1 )
d H gY^ 8 g - l  d
Case  I I I  o ( = 4 5 *
a -  General:  _ 2 _ = 2 . 0 5 ( 3 ^ ) ' ^ " ( - 2 — ) ' ^ ( - l — ) '^ ^ (5 _ ) '4 (^  (5 ..12)
H gY^ " 3 - 1  1^3  d
d
b -------- L . - 0 :  - 2 _ = z  2 . 0 5 ( 2 j L ) ' ^ ^ ( _ l — ) ' 2 0 ^ X ) ' d O  ( 5 , 1 3 )
d II gY'^ 3 - 1  d8
c - _ A _ = 0 , 2 5 :  _ 2 _ =  1 . 7 9 ( 2 . ^ ) ' ^ ^ ( - 1 — ) ' 2 0 ^ X ) ' d O  ( 5 . 1 4 )
d H gY^ Sg-1 d
d----- ^  =  0 . 5 0 :  - 2 _ - i , G i ( H 2 ^ . 1 5 ^ — l _ ) ' 2 0 ^ X ) ' d D  ( 5 , 1 5 )
d H gY^ Sg-1 d
e----- ^  =  0 . 7 5 ;  - 2 _  ::z i .4G(^AT)'^^(-^:---- ^ ' 2 0 ^ X ) . 4 0  (5 .1 G )
d n gY^ Sg-1 d
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o
Case  IV — 60
a -  G e n e r a l :  - ^ - z :  ^ . 6 0 ^ X ^ . 4 0  ( 5 . 1 7 )
U gT^ S . - l  14^"
CL
b - \ _ l . - 0 :  _2. =  2.0G(3-^i^) '^ '^(-^:— ) ' 2 0 ( j L ) ' 4 0  ( 5 . 1 8 )
d n gY^ S - 1  d^ s
c 0 .2 5 : J L = 2 , 5 9 ( - 3 % )  — y.20^_H_) '^0 ( 5 . 1 9 )
d H gY'^ 8 - 1  d^ s
d ^  =  0 . 5 0 : - ^ - c % 2 . 8 S ( ^ )  ' ^ ^ ( - 1 — ) '  ^ ( J L )  ( 5 . 2 0 )
. d H gY^ 8 - 1  d
S
e- 0 . 7 5 : - ^ - 4 = 2 . 1 l ( ^ ? r ) ' ^ ^ ( - ^ — ) ' 2 0 ^ X ) " ' ^ 0  ( 5 . 2 1 )
d H 8 _1 dO
The o b s e r v e d  v a l u e s  v e r s u s  t h o s e  c a l c u l a t e d  f rom  e q u a t i o n s  
( 5 . 1 )  t o ( 5 . 2 1 )  a r e  p l o t t e d  i n  f i g u r e s  5 t o  25. A nomograph to  
s o l v e  e q u a t i o n  ( 5 . 1 )  was a l s o  p r e p a r e d  and i s  shown i n  f i g . 26. 
Com par ing  e q u a t i o n  ( 5 . 1 )  w i t h  e q u a t i o n  ( 2 , 8 )  o b t a i n e d  by  P .  V. 
P a d i y a r  ( 6 ) ,  i t  may be  n o t e d  t h a t  t h e  e q u a t i o n  o b t a i n e d  by  
P .  V. P a d i y a r  (6)  i s  much more i n v o l v e d .  I n  a d d i t i o n  to  t h e  
f a c t  t h a t  t h e  above  e q u a t i o n  ( 5 . 1 )  h a s  a  l e s s e r  number  o f  v a r -  
i a b l  OS, i t  a.3 so t n k o n  i n t o  aoourifc two s.igni f  :i e a n t  p a r a m e t e r s  
a f f e c t i n g  t h e  s t a b i l i t y  o f  b l o c k  w h ich  h a v e  n o t  b e e n  c o n s i d e r e d  
i n  C o n a t i o n  ( 2 . 8 ) .  T h e se  p a r a m e t e r s  a r c  %, t h e  h e i g h t  o f  t h e  
o b s t r u c t i o n  to  t h e  b l o c k  a n d ^ ,  t h e  b u c k e t  e x i t  a n g l e .
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n a t i o n  ( 2 . 8 )  o b t a i n e d  by  P .  V. P a d i y a r  (6 )  i s  b a s e d  on  t h e
. f vement  o f  t h e  l)loc]v o n l y  by s l i d i n g .  However  i n  p r a c t i c e  
he  m o t io n  o f  t h e  b l o c k  i s  o b s t r u c t e d  by  o t h e r  b l o c k s .  The 
H i g h e r  t h e  o b s t r u c t i n g  b l o c k ,  t h e  g r e a t e r  t h e  r e s i s t a n c e  t o  
n o t i o n  i t  w i l l  o f f e r  t h e  b l o c k  b e h i n d  i t .
I t  c an  be  s een  f rom e q u a t i o n ,  ( 5 , 1 )  t h a t  t h e  e x p o n e n t  o f  
b e i n g  p o s i t i v e ,  t h e  v a l u e  o f  D i n c r e a s e s  w i th  an i n c r e a s e  i n  
t h e  v a l u e  o f c t .  I n  o t h e r  w o r d s ,  w i t h  t h e  r e s t  o f  t h e  f a c t o r s  
i e i n g  t h e  same,  t h e  l a r g e r  a n g l e  t h e  w a t e r  j e t  makes  w i t h  t h e  
h o r i z o n t a l ,  a  t h i c k e r  c u s h i o n  o f  t a i l w a t e r  w i l l  be r e q u i r e d  
t o  k e e p  t h e  b l o c k  s t a b l e .
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CHAPTER 6 
CONCLUSIONS
( a )  I n  o r d e r  t o  i n s u r e  t h e  s t a b i l i t y  o f  t h e  s t r u c t u r e  which  
may bo e n d a n g e r e d  by  a  s c o u r  h o l e  fo rm e d  i n  t h e  r i v e r b e d  down­
s t r e a m  o f  a  f l i p  b u c k e t ,  c o n c r e t e  b l o c k s  o f  a p p r o p r i a t e  s i z e  
and  s p e c i f i c  g r a v i t y  may b e  u s e d  w hich  c an  be d e t e r m i n e d  f rom  
e q u a t i o n  ( 5 . 1 )  t o  ( 5 . 2 1 )  o r  t h e  monograph i n  f i g u r e  26.  T h ese  
b l o c k s  may b e  d e p o s i t e d  i n  t h e  a r e a  o f  s c o u r  t o  fo rm  a  p r o t e c ­
t i o n  t o  p r e v e n t  s c o u r  h o l e s  a l t o g e t h e r  o r  t o  make them  h a r m l ­
e s s .
f  n  \  o  c  " f  c \  o  o  o  r v  K  y  r:- V i o  "ii"  o  4  i  i .V  V o  4  4  T t  c \  C  C  n  4 .  n  > i V V i n  f '  4 :  <-v V v 4  1  i  4 t  r
o f  s t o n e s  by f l o w i n g  w a t e r  i n  w h ich  t h e  f l o w  l i n e s  a r e  p a r a l l e l
t o  t h e  b o t t o m .  T h e re  i s  n o t  much work done  on t h e  s t a b i l i t y  
o f  b l o c k s  s u b j e c t e d  t o  w a t e r  j e t s  i n c l i n e d  a t  an a p p r e c i a b l e  
a n g l e  t o  t h e  b o t to m  o f  t h e  b e d .  More work c o u l d  p r o f i t a b l y  be 
c a r r i e d  o u t  i n  t h i s  i n t e r e s t i n g  a r e a  o f  r e s e a r c h .
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APPENDIX 7 .1
PLAN AND ELEVATION OF APPARATUS
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TABLE No. 17
Mul fcipl 0— Co r r  e l  a t  10 n Co of f i c iGn lâ  
F o r  E q u a t i o n  ( 5 . 1 )
E x i t
A ngle
E q u a tio n
C o r r .  C o e f f .  a t  5#
l e v e l  o f  s i g n i f i c -  
a n c e ( l l - T a b l e  A-1 1 )
A c tu a l  C o r r e l a t i o n  
C o e f f i c i e n t
1 5 ,
30 , 5 . 1 0 .1 7 6 0 . 9 1 7
4 5 , (Mo s t  g e n e r ­
6 0 , a l  e q u a t i o n )
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